Laparoscopic and minimally-invasive robotic access has transformed the delivery of urological surgery. While associated with numerous desirable outcomes including shorter post-operative stay and faster return to preoperative function, these techniques have also been associated with increased morbidity such as reduced renal blood flow and post-operative renal dysfunction. The mechanisms leading to these renal effects complex and multifactorial, and have not been fully elucidated. However they are likely to include direct effects from raised intra-abdominal pressure, and indirect effects secondary to carbon dioxide absorption, neuroendocrine factors and tissue damage from oxidative stress. This review summarises these factors, and highlights the need for further work in this area, to direct novel therapies and guide alterations in technique with the aim of reducing renal dysfunction post-laparoscopic and robotic surgery.
Introduction
Robotic renal surgery has transformed the delivery of reconstructive and extirpative urological procedures. In contrast to open access, this approach is associated with lower morbidity, decreased pain, shorter postoperative hospital stay, faster return to preoperative function, and superior cosmesis [1, 2] . Carbon dioxide (CO 2 ) is the gas most commonly used for insufflation, although inert gases such as helium and argon have also been used. CO 2 however, as well as being non-combustible, and highly soluble in blood making gas embolism unlikely, also has the advantage of low cost [3] .
Pneumoperitoneum, although generally considered essential for adequate exposure in robotic surgery, is associated with significant direct and indirect effects on renal physiology. In particular, at a pressure of above 10 mmHg, pneumoperitoneum has been shown to produce reduced renal blood flow, renal dysfunction and a transient oliguria [2] [3] [4] [5] . Demyttenaere et al. [6] in 2007 conducted a systematic review on the effect of pneumoperitoneum on renal perfusion and function. They first looked at the reduction of renal blood flow associated with pneumoperitoneum, and found that of the 20 studies examined, 17 demonstrated a reduction in renal blood flow. A number of Sodha/Nazarian/Adshead/Vasdev/ Mohan-S factors influenced the extent to which blood flow fell. These were the pressure used for insufflation, positioning (worst in the head up position), and the fluid status of the patient. It was not affected by the gas used. Twenty of the 25 studies they found looking at the effect on renal function found a decrease in function in response to pneumoperitoneum. The decrease appeared to be temporary however, with function returning to normal after a variable time.
Exact mechanisms of these renal effects of pneumoperitoneum have not been fully determined despite much research, but are likely to include direct effect from raised intra-abdominal pressure, and indirect effects from CO 2 absorption, neuroendocrine factors and tissue damage secondary to oxidative stress.
Whereas in young healthy patients, the effects of these may be minimal and transient due to physiological compensation and buffering mechanisms, in the elderly population, with a limited physiological reserve and possible underlying renal dysfunction, these effects on renal physiology may be clinically significant.
While initially only young, fit patients were selected, with advancing technology and surgical familiarity and skill in robotic techniques are increasingly used in patients deemed to be unfit for major open surgery. It is therefore more and more likely that the population presenting for surgery have significant comorbidities.
Direct Effects of Pneumoperitoneum
A direct effect of raised intra-abdominal pressure secondary to pneumoperitoneum is an increase in renal vascular resistance due to compression of the renal vasculature. There is also direct compression on the renal parenchyma [7] .
In addition to reduced renal blood flow secondary to increased vascular resistance, renal perfusion pressure (a second factor in the Hagen-Poiseuille equation) is reduced during pneumoperitoneum secondary to a reduction in cardiac output. This occurs due to direct compression to the inferior vena cava leading to reduced preload and therefore a lower stroke volume. Compensatory mechanisms such as the release of stress hormones including catecholamines leading to an increase systemic vascular resistance, heart rate and contractility, may be compromised in an elderly population undergoing robotic urological surgery. Receptor downregulation associated with age is often combined with a stiff and hypertrophied left ventricle. During pneumoperitoneum the additional burdens of an increase in afterload, a shortened diastolic time secondary to tachycardia leading to insufficient ventricular relaxation and filling, and inadequate perfusion pressure in already constricted coronary arteries all lead to an increasing risk of decompensation and inadequate organ perfusion.
Indirect Effects of Pneumoperitoneum
However, hemodynamic alterations do not alone explain the changes in renal blood flow and function secondary to pneumoperitoneum. As a result of the direct compression described, renal autoregulation results in the stimulation of the renin-angiotensin-aldosterone system (RAAS), with increasing renin release and subsequent aldosterone secretion. Secondly, neuroendocrine responses result in the excretion of anti-diuretic hormone. The result is salt and water retention with oliguria, and a vicious cycle of renal cortical vasoconstriction leading to further activation the RAAS.
Aside from the RAAS, other hormonal factors have also been proposed as mechanisms to explain renal dysfunction associated with raised intra-abdominal pressure. Abassi at el. [8] investigated the involvement of endothelin-1, a potent vasoconstrictor of which the kidney is a target organ and a major source, and nitric oxide (NO) systems. They successfully demonstrated involvement of both systems in pneumoperitoneum-associated changes in renal hemodynamics. They found that blockade of endothelin or NO systems aggravate the pneumoperitoneum-induced renal hypoperfusion and oliguria, while pretreatment with nitroglycerin substantially attenuates the adverse effects of elevated intra-abdominal pressure on renal function.
In addition to neuroendocrine factors, renal damage may be initiated by pneumoperitoneum-associated ischemia-reperfusion, in which oxidants are posed to play a role. The rise in intra-abdominal pressure leads to alterations in renal blood flow as already described. After desufflation, reperfusion occurs when renal blood flow normalises, which increases oxidative stress due to an imbalance between oxidants and anti-oxidants, leading to tissue damage [4] .
Koury et al.
[9] applied pneumoperitoneal pressure to isolated perfused kidney and demonstrated an association with renal apoptosis. This rapidly induced structural renal damage was oxidant dependent and was attenuated by antioxidants. The role of antioxidants to prevent renal damage is supported by Seguro et al. [4] . They demon-Effect of Pneumoperitoneum on Renal Function and Physiology in Robotic Renal Surgery 3 strated that in N-acetylcysteine-treated rats, a complete protection against glomerular filtration rate drops was observed 24 and 72 hours following 3 hours of pneumoperitoneum, associated with a decrease in serum thiobarbituric acid reactive substances, which were used to evaluate oxidative stress.
Whether antioxidants have a role in the prevention of pneumoperitoneum induced renal dysfunction in humans needs to be further investigated.
In the role of oxidative stress, neuroendocrine factors and cardiovascular factors, hypercarbia and acidosis have been proposed to play a role. While CO 2 's ready solubility in blood is advantageous in making gas embolism unlikely, it is also absorbed very rapidly from the peritoneal cavity into the circulation. From here it can only be excreted through the lungs, and therefore a compensatory hyperventilation is necessary to avoid hypercarbia and respiratory acidosis. However, during prolonged surgery, with raised intra-abdominal pressure and a Trendelenberg position, attempts at increasing ventilation may be impeded. There is cephalad displacement of the diaphragm, and reduced diaphragmatic motility, as well as increasing ventilation-perfusion mismatch. This occurs in a population with likely already compromised cardio-respiratory function. Hypercarbia can cause direct actions on the cardiovascular system such as negative inotropy, sensitisation of the myocardium to arrhythmogenic effects of catecholamines, and systemic vasodilatation. In addition, indirect actions on the cardiovascular system also occur for example via sympathoadrenal stimulation, leading to tachycardia and vasoconstriction [3] . The precise role of CO 2 in renal impairment secondary to oxidative stress and other neuroendocrine mechanisms remains unclear. McDougall et al. [10] have demonstrated pressure-dependent CO 2 absorption through the peritoneal surface, which was not seen with argon insufflation. Increased renin activity in dogs following CO 2 , but not helium, insufflation has also been established [11] .
With technological advances, and increasing surgical familiarity and skill using robotic techniques, further changes in surgical approach to urological procedures are becoming widespread, such as the retroperitoneal approach to partial nephrectomy. Data so far is limited but encouraging, particularly in relation to operative time, postoperative analgesia requirements and return of bowel function. Whether associated with an improvement in outcomes with relation to renal function is yet to be elucidated, and we await further trials with interest.
Patient with ischaemic heart disease, remote ischaemic conditioning may protect the myocadium against acute ischaemia-reperfusion injury, preserving cardiac function. Remote ischaemic conditioning involves occlusion and reflow of blood to an organ or tissue. This generate cardioprotective signal in the conditioned remote organ or tissue and conveys to the heart. This activates intracellular signalling pathways within the heart that mediate the cardioprotective effect [12] . McClanahan et al. [13] demonstrated that 10 minutes of occlusion and reflow of the renal artery could reduce infarct size induced by 30 minutes ligation and reperfusion of coronary artery.
Furthermore, the effects of prolonged warm ischaemia during robotic renal surgery, in addition to pneumoperitoneum should be taken into consideration when assessing renal function. During a robotic partial nephrectomy, warm ischaemic time (WIT) and its effect on renal function has been the focus of many recent studies due to its modifiable feature. Choi et al. identified that during robot-assisted surgery under pneumoperitoneum, a WIT of > 28 minutes caused a significantly greater decrease in glomerular filtration rate of the affected kidney compared to the contralateral healthy kidney [14] . More recently, Porpiglia et al. [15] used effective renal plasma flow as a parameter for renal function analysis in relation to WIT. The study concluded that a WIT of > 25 minutes is associated with a significant decline in renal function and should not be exceeded during robotic surgery.
A prolonged WIT has been associated with long-term damage to the affected kidney. In addition to the link between WIT and acute kidney injury, it has been suggested that a WIT of > 25 minutes is associated with chronic kidney disease stage IV [16] . It must therefore be questioned whether the joint effect of pneumoperitoneum and WIT during robotic surgery leads to an even greater deterioration of renal function and possible irreversible damage to the kidney.
From comparisons made between open surgery, where pneumoperitoneum is eliminated as a contributing factor, and robotic procedures, no difference in renal function recovery has been found [17] . However, as more complex robotic renal procedures are undertaken, the duration of warm ischaemia rises in these procedures. Thompson et al. [18] have shown that open surgery is associated with an overall shorter ischaemia time, thus highlighting that open surgery leads to a less significant decline in renal function for these patients.
It must also be noted, that WIT has been compared with cold ischaemia time. WIT of > 25 minutes causes long-term (> 6 months) damage to the kidney, whilst cold ischaemia time of up to 58 minutes prevents ischaemic injury [19] . A collaborative literature review has concluded that it is vital to minimise WIT intra-operatively Sodha/Nazarian/Adshead/Vasdev/ Mohan-S in order to prevent deterioration in post-operative renal function. In cases where prolonged ischaemia time is anticipated, cold ischaemia should be favoured [20] .
Conclusion
The effects of pneumoperitoneum on renal function and physiology are complex and multifactorial. The molecular mechanisms behind these renal consequences have yet to be fully elucidated, although direct compressive, cardiovascular, oxidative and neurohormonal responses have all been posed to play a role. Further work is needed in order to establish whether targeting the cardiovascular system with intravascular loading and inotropes is key to maintaining renal function, whether inhibiting the neuroendocrine response should be considered, for example with esmolol to inhibit renin release and pressor response to pneumoperitoneum, or whether antioxidants could also play a role.
